Introduction
============

Modern plant taxa have survived long periods of climate variation associated with glacial--interglacial cycles. Plant species have been exposed to wide fluctuations in temperature during these cycles, and the fossil pollen record suggests that most of them have at one time or another migrated in response to climate change events ([@b7]). It has been suggested that both forest herbs and woody plants have undergone or are undergoing similar range shifts in response to the current global warming ([@b27], [@b28]). However, the current warming is occurring so rapidly that many plant species will be unable to respond with sufficient speed through geographic range shifts alone ([@b7]; [@b18]). In particular, woody plants with long life cycles need to respond to such rapid warming by either short-term phenotypic plasticity or long-term microevolutionary processes ([@b18]; [@b1]; [@b23]; [@b15]). Tree species that have already undergone local adaptation, that is, that have become genetically adapted to the currently prevailing climatic conditions of their habitats ([@b20]), may not be able to respond adequately to rapid warming because of their relatively low plasticity. As such, it is important to study the extent of plants' local adaptation and to be able to predict their responses to global warming in the near future, especially for woody plants ([@b1]; [@b15]).

Reciprocal transplant experiments are powerful tools for detecting local adaptation, because they compare the fitness of different populations within specific habitats using a 'local deme vs foreign demes' criterion ([@b20]). If the local deme of a particular site exhibits greater fitness within that site than demes from other habitats, it is considered to have undergone local adaptation ([@b20]). The 'home-site advantage' concept can be used to quantify the extent of local adaptation ([@b11]; [@b30]); it is important because it assesses the superiority of fitness of the local deme (i.e. home-site plants) compared to that of foreign demes in a fashion that accounts for the physical distance between the planting site and the stand from which the seeds of the foreign deme were collected ([@b30]). The observation of a home-site advantage for every deme tested provides robust evidence for local adaptation ([@b11]). Conversely, the detection of home-site advantages for some but not all of the reciprocal transplants (e.g. if local adaptation was detected for transplants from a lowland to a mountain site, but not for transplants from a montane stand to the lowland site) suggests the occurrence of 'asymmetrical local adaptation' ([@b29]). Because of the long life cycles for woody plant species, it is necessary to conduct long-term studies to identify their (asymmetrical) local adaptation using reciprocal transplant experiments. Thus, previous studies in which intraspecific adaptation has been demonstrated in woody plants were conducted over periods of 12--20 years ([@b9]; [@b37]; [@b48]; [@b44]). These studies examined the genetic traits of populations over wide geographic scales. Adaptive divergence would perhaps be expected at the extremes of wide geographic ranges because it will be accelerated or maintained by strong selective forces and restrictions on gene flow to other populations owing to distance and differences in the timing of flowering ([@b16]; [@b33]; [@b44]; [@b4]). Conversely, within smaller and more confined regions, intraspecific adaptation might be expected to be comparatively rare in woody species because these promoting factors would be absent. However, previous studies have reported evidence of intraspecific adaptation across an altitudinal gradient within a small area in woody conifers ([@b5]; [@b35]; [@b21]) and also in herb/grass species ([@b2]; [@b29]). These intraspecific adaptations are presumably due to the substantial environmental changes experienced when moving up the altitudinal gradient, even in such small areas ([@b22]); in contrast, there is little environmental variation on moving latitudinally over the same geographic scale. However, because of the lack of long-term data on woody plant species, it is still unclear whether and/or to what extent the effects of intraspecific adaptation are visible at different stages of such plants' lives (but see [@b5]).

Long-term reciprocal transplant experiments are also useful for estimating populations' responses to environmental change because they make it possible to compare fitness in different environments using a 'home vs away' criterion ([@b20]). A deme\'s performance across a range of climatic conditions can be evaluated using this approach; therefore, previous studies involving long-term reciprocal transplant experiments with woody plants have successfully predicted the performance of the population they examined in the face of climate change ([@b38], [@b39]). These studies indicate that future performance is influenced by both the extent of a population\'s genetic adaptation to its current climate and its plasticity. For a population that has already undergone intraspecific adaptation to the current climate of its habitat, climate change (and especially global warming) would be expected to have a significant and negative impact because of strong genetic constraints that would restrict its ability to respond to the changing conditions ([@b37]; [@b43]; [@b1]). In such cases, it is best to evaluate the future response of each stand by focusing on two different approaches: the extent of the change in the performance of the current population in response to the predicted climatic change ([@b39]), and the difference between the performance of the current population and that of an 'optimal' population under global warming. The former can be examined using a 'home vs away' approach, while the latter can be estimated using a 'local vs foreign' approach. In the 'local vs foreign' approach, a population that is not native to the site but native to the warmer climatic condition is considered to display an optimal response and is regarded as the 'local' population after global warming: the population that is currently native to the transplantation site is regarded as the 'foreign' population. As such, the experiment effectively compares the performance of a 'local' population that is optimally adapted to the warmer conditions to that of the current population after a global warming event. As the experimental sites differ primarily in terms of air temperature alone ([@b22]), reciprocal transplant experiments across an altitudinal gradient are ideally suited for evaluating the impact of global warming. However, reciprocal transplant experiments of this kind have not previously been performed with woody species owing to the long timescales required.

In the study reported herein, we performed a reciprocal transplant experiment using Sakhalin fir (*Abies sachalinensis*) populations from various positions across a steep altitudinal gradient (230--1200 m a.s.l.) on a regional scale. This experiment has been conducted under the auspices of the University of Tokyo Hokkaido Forest (UTHF) since the 1970s ([@b24]); long-term time-series data going back between 10 and 36 years from 2009 have been collected. *Abies sachalinensis* is a sub-boreal conifer that plays an important role in timber production in northern Japan; the experiment was originally undertaken to provide information for the forestry industry. Genetic variation along the altitudinal gradient was detected for growth and phenological traits in the early stages of the experiment ([@b24]), but the long-term data have not previously been examined with the intent of studying local adaptation.

The study reported herein initially examined the extent of altitude-dependent adaptation in populations of this species in a small region using time-series data spanning periods of 10--36 years. On the basis of these initial results, changes in the productivity of the populations in response to global warming were predicted. In light of these predictions, some consideration was devoted to the types of forest management strategies that will be required to maintain productivity in the face of global warming in a fashion that accounts for evolutionary adaptation ([@b15]). Ultimately, our aim was to answer the following three questions:

1.  How do genetic and environmental factors affect growth and survival at different altitudes?

2.  What is the magnitude of the home-site advantage across the altitudinal range and what trends are apparent in the time-series?

3.  How is *A. sachalinensis* expected to respond to the predicted global warming?

Materials and methods
=====================

The studied species
-------------------

Sakhalin fir (*A. sachalinensis*) is a coniferous wind-pollinated and wind-dispersed climax species with a geographic range that extends from eastern Siberia to Hokkaido, the northernmost island of the Japanese archipelago. It is one of the dominant species in natural sub-boreal forests of the Far East and is an important component of forest ecosystems ([@b19]). Its current altitudinal distribution ranges from 200 to 1600 m a.s.l., with the center of the population growing on mountainous land at 400--600 m a.s.l. Its demographic history suggests that it had become a dominant species by the time of the last glacial period 20 000 years ago ([@b17]), that it survived in a glacial refugium in the eastern part of Hokkaido, and that it has not had any recent contact with congeners ([@b46]). Genetic variation in several traits has previously been observed in populations across its altitudinal range ([@b24]; [@b8]; [@b41]; [@b12]).

Study site
----------

Our study was conducted on a regional scale, in a site covering an area of 150 km^2^ with a linear range of \<25 km in any given direction. The site is on the southwestern slope of Mt. Dairoku (1459 m a.s.l.) in the UTHF, which covers the region from 43°10′35″N, 142°22′48″E to 43°20′59″N, 142°40′51″E in central Hokkaido. A reciprocal transplant experiment across the site\'s altitudinal gradient was conducted using eight natural stands as seed sources; the altitudes of the collection stands were 230, 340, 420, 530, 730, 930, 1100, and 1200 m. Five of these altitudes (i.e. all of them but those at 340, 420 and 1200 m) were also used as transplantation test sites, with the transplants being cultivated next to the seed source populations. In addition, a sixth transplantation site at 420 m was used, located approximately 10 km away from the seed source at this altitude. Six altitudes were thus examined in the reciprocal transplant experiment; the corresponding sites are henceforth referred to as site-230, site-420, site-530, site-730, site-930, and site-1100. It has been reported that both the soil and the forest vegetation types within the UTHF at altitudes of \<700--800 m differ substantially from those in higher altitudinal zones ([@b19]; [@b31]). Thus, below 700--800 m, the soil is of the brown forest type; above 700--800 m, it gradually transitions to the black mountain type ([@b31]). At around the same point, the bamboo species that is dominant at lower altitudes (*Sasa senanensis*) is replaced by *Sasa kurilensis* ([@b19]). Climate data for 2009 and 2010 for all of the monitored sites were collected using digital loggers (HOBO Pro RH/Temp; Onset Computer Corporation); information on the snow depth at the sites in 1974--1975 was obtained from the records of the UTHF ([Table 1](#tbl1){ref-type="table"}).

###### 

Study sites and their meteorological conditions in 2009 and 2010

                               Average temperature (°C)                                                  
  --------------------- ------ -------------------------- ------- ------- ------- -------- ------------- -----
  Mt. top               1459   −0.05                      10.80   −9.65   26.88   −21.49   6 October     --
  Population            1200   1.75                       9.88    −6.43   24.82   −20.21   8 October     --
  Population and site   1100   1.99                       10.40   −6.46   27.06   −21.72   9 October     280
  Population and site   930    2.57                       11.01   −5.92   26.16   −20.64   9 October     248
  Population and site   730    3.81                       12.11   −4.53   26.99   −20.17   10 October    123
  Population and site   530    4.80                       12.98   −3.41   28.10   −19.33   16 October    112
  Population and site   420    5.55                       13.72   −2.66   28.57   −18.52   31 October    --
  Population and site   230    6.53                       14.79   −1.78   32.25   −20.26   10 November   42

Winter and summer average temperatures were calculated from continuous data collected from October 2009 to March 2010 and from April to September 2010, respectively. The first frost date indicates the first date with a temperature **\<**0°C in autumn 2009.

Population, site, and Mt. top refer to the seed source population, the reciprocal transplantation site at a given altitude, and the crest of Mt. Dairoku, respectively.

Data refers to the maximum snow depth derived from the monitoring during 1974--1975 by the University of Tokyo Hokkaido Forest (UTHF).

The reciprocal transplant experiment
------------------------------------

In 1973, open-pollinated seeds were collected from five mother trees in each of the eight populations (i.e. 40 mother trees in total). In early May 1974, all seeds derived from each mother tree were sown at a density of 60 g/m^2^ in a nursery seed bed (230 m a.s.l.). Two growing seasons after their germination, the offspring were randomly selected and transferred to Jiffy™ pots. At the end of a third growing season, in September 1976, they were planted at the six sites of the reciprocal transplant experiment. Prior to their planting, all vegetation (including dwarf bamboo) was removed from the planting sites and the soil was scarified to create a uniform soil surface. Five offspring plants from each mother tree were planted at each site, which was duplicated in every sites. The seedlings were transplanted in grids, with one family per row at a spacing of 1.2 m, and a separate column for the descendents of each mother tree (giving a total of 40 columns). In total, 2400 trees (five transplants × five half-sib families × eight seed sources × six planting sites × two replicates) were transplanted. The planting rule, that is, the order in which the families were planted, was the same in all six sites. After 20 years, two of the five trees in each family were evenly thinned to thin the lines in the lower three sites (i.e. site-230, -420, and -530). The identities and heights of the surviving trees were recorded at seven points in time, when the trees were 5, 6, 10, 13, 18, 31, and 36 years old. Transplants were identified on the basis of their location within the plot; data were collected for both living transplants and those that died without missing, because the woody parts of the dead transplants persisted for several years.

Statistical analysis
--------------------

### Height and survival

It was assumed that the phenotype of the transplants was a consequence of their genotype, their living environment, and the interaction between these two factors (genotype × environment). The two measured traits, tree height and survival, were examined using analysis of variance ([anova]{.smallcaps}) to determine the significance and contribution of genetic and environmental effects at each age; these analyses were conducted using the SAS 9.2 software package (SAS Institute Inc., Cary, NC, USA). For each trait at each age, the SAS program PROC GLM was used with fixed effects for the eight seed source populations, the six planting sites, and the interactions between them (population × planting site), and random effects associated with the family variables for each population and replicate at each planting site. Survival data for the transplants aged 5 and 6 years were excluded from the analyses because mortality so soon after transplantation was extremely rare. The survival data were analyzed by calculating the survival rate for plants from a particular treatment. The variance components for tree height and survival were then analyzed using the SAS program PROC Varcomp.

All subsequent statistical analyses were performed using R 2.10.1 ([@b34]). We quantified the effects of genotype and environment on both height and survival traits at five ages (10, 13, 18, 31, and 36 years). The fixed effects were estimated using generalized linear mixed models (GLMMs) of the form ([@b35]):

where *i* is an index running over the different seed source populations (*i* = 1--8), *j* is an index running over the different planting sites (*j* = 1--6), *k* is the family within the *i*th seed source population (*k* = 1--5), *l* is the number of the replicate at the *j*th planting site (*l* = I/II), and *m* is the individual within a particular treatment (*m* = 1--5). *H*~*ijklm*~ and Sur~*ijklm*~ are the height and chance of survival, respectively, for the *m*th plant from the *k*th family of the *i*th population within the *l*th replicate of the *j*th site. *μ* is an intercept, *p*~*i*~ is the contribution of the *i*th population, *s*~*j*~ is the contribution of the *j*th planting site, δ~*ij*~ is the effect of the interaction between the *i*th population and the *j*th site, *ε*(f~*ik*~) is the effect of the *k*th family in the *i*th population, *ε*(r~*jl*~) is the effect of the *l*th replicate at the *j*th site, and *ε*~*ijklm*~ is the error. The first model, in which the response variable is *H*~*ijklm*~, is the 'height model'; it has a normally distributed error structure and an identity link function. The model with the response variable Sur~*ijklm*~ is the 'survival model'; it has a binomial error structure and a logit-link function, and its outputs are binary (alive/dead). In both models, *p*~*i*~, *s*~*j*~, and δ~*ij*~, are fixed effects that are treated as categorical variables, while *ε*(f~*ik*~) and *ε*(r~*jl*~) are random effects with which we were not concerned but did not ignore. The fitting of all models was checked using likelihood-ratio tests, comparing the new models' predictions to those of a null model. The behavior of the coefficients *p*~*i*~ and *s*~*j*~ for both models at different altitudes was evaluated by plotting them against the seed source and planting site altitudes. We used the height and survival models for the 36-year-old plants to assess the nature of the genetic cline (if any) within the tested area and the impact of the environmental gradient across which the transplantation sites were distributed.

### Testing the home-site advantage

The productivity of each population under the various conditions examined was assessed using a parameter calculated by multiplying the average height of the relevant transplants by their survival rate at the age of evaluation; this provides a measure of the population\'s overall fitness ([@b44]). The outputs of the height and survival models were used to calculate the productivity with controlling errors related to family-related factors and site replication. The productivity of the *i*th population at the *j*th planting site (*P*~*ij*~) was calculated by multiplying the estimated *H*~*ij*~ and Sur~*ij*~ values: *H*~*ij*~ × Sur~*ij*~ = *P*~*ij*~. The significance and magnitude of the home-site advantage were tested by comparing the *P*~*ij*~ values for local (i.e. indigenous, from the same altitude as the planting site, *i* = *j*) and foreign (i.e. non-indigenous, from different altitudes to the planting site, *i*≠*j*) demes in a way that accounted for the environmental distance between the planting site and the 'native' site of the foreign deme ([@b30]). The relationship between the relative productivity (relative-*P*~*ij*~) and the altitudinal distance (DIST~*ij*~) was examined for every tree age considered (10, 13, 18, 31, and 36 years). In the following discussion, relative-*P*~*ij*~ refers to the performance of transplants at the *j*th planting site relative to the local plants, and DIST~*ij*~ refers to the vertical distance between the 'native' site of the foreign deme and the planting site (i.e. the difference between the altitude at which the mother tree was growing and that of the planting site). At each site, the relative-*P* value and DIST of local plants were defined as being 1 and 0, respectively. Transplants from a higher to a lower altitude were assigned positive DIST~*ij*~ values, while transplants to a higher altitude resulted in negative values. The relationship between the change in relative performance following transplantation and DIST~*ij*~ was examined using the following GLM:

where *y*~*ij*~ is the response variable, that is, the relative-*P*~*ij*~ of the *i*th population at the *j*th site, and *α* and *β* are the parameters estimated by the GLM; note that *z* indicates the transplanting direction (*z* = upslope/downslope). Although *β* has two independent parameters associated with the direction, we estimated both from a single equation in order to obtain a common intercept (the value when DIST = 0). The model was defined assuming a normally distributed error structure and a log link function in order to avoid negative *y*~*ij*~ values. A home-site advantage was considered to have been identified if there was a significant decrease in relative-*P* as DIST increased; it was necessary to assess the significance of *β*. Differences in the magnitudes of the home-site advantage between upslope/downslope transplantations and the associated changes over time were examined by examining the trends in the populations'*β* values as they aged.

### Predicted performance in the event of global warming

To estimate the long-term change in population productivities caused by rapid global warming, estimated *P*~*ij*~ values for 36-year-old transplants in the downslope direction were considered, because downslope movements simulate the effects of warming. *P*~*ij*~ indicates the nature of the population\'s response (in terms of productivity) to the warmer conditions experienced following transplantation from the 'native'*i*th stand to the *j*th site. The impact of warming was assessed using two different approaches. First, the overall-*P*~*ij*~ of the transplanted population was compared to that of the same population in its 'native' site (i.e. the *i*th site; *P*~*ii*~). Because this approach provides a 'before and after' type comparison of the change in the population\'s behavior in response to warming, it can be used to predict differences between the population\'s future performance and that achieved under current conditions in its native stand. This is called a 'home vs away' test in the terminology used to describe reciprocal transplant experiments ([@b20]); such tests have been used to describe species' niches and the way they are affected by global warming ([@b39]). However, this approach only examines one aspect of the impact on performance because it does not provide information on how the change in each population\'s productivity tracks the change in the environment. To test this, we need to determine how close the productivity of a certain population will be to the maximum level that could potentially be achieved under the new climatic conditions created by global warming. It is reasonable to assume that the current populations are (at least) well adapted to their native site and that their performance within that site is essential as good as can possibly be achieved under the currently prevailing climatic conditions. We therefore compared the productivity of the *i*th deme after being transplanted downwards to site *j* (*P*~*ij*~) to that of the deme native to site *j* (*P*~*jj*~). This is the 'local vs foreign' approach as described by [@b20] for evaluating home-site advantages in terms of the performance of a transplanted population relative to that of the local population, using the model presented in [eqn (2)](#m2){ref-type="disp-formula"}. By identifying home-site advantages, the likely negative effects of global warming can be estimated because the transplanted deme will be maladapted (in genetic terms) to the climate at the transplantation site and its performance will decline in proportion to the magnitude of the difference between its native environment and that of the transplantation site.

For the first approach, we constructed a 'home-away model' based on the niche breadth model ([@b39]). A GLM based on the following equation was used:

where *y*~*ij*~ is the response variable, that is, the overall-*P*~*ij*~ of the *i*th population at the *j*th site; *y*~home~ is the home productivity of the *i*th population (*P*~*ii*~); *α', β', γ*, and *ω* are estimated parameters; and Alt~*j*~ is the altitude of the *j*th site. In the GLM, *y*~home~ is set as an offset and is not associated with any parameter; the log link function is used with a normally distributed error structure. [Equation (3)](#m3){ref-type="disp-formula"} estimates two effects: (1) the effect of warming, using the DIST variable, and (2) the negative impact on performance at the edge of the tree\'s niche ([@b39]), using the quadratic term that reflects the site condition (Alt~*j*~). The model\'s goodness of fit was checked using likelihood-ratio tests to compare its deviances to those of a null model. From the output of the home-away model, the change in overall-*P* of the *i*th population was projected along the DIST. The DIST values were then converted to temperature increases (ΔTemp) using meteorological data collected at all of the sites during 2009 and 2010 ([Table 1](#tbl1){ref-type="table"}), and the model\'s output was analyzed as a function of ΔTemp. For the second approach, we reused the model described by [eqn (2)](#m2){ref-type="disp-formula"} but considered only the 36-year downslope transplants. As before, the DIST values were converted to ΔTemp to facilitate analysis of the changes in relative performance.

The degree of warming was analyzed as discussed in previous publications. A high-resolution projection using the most extreme model of the Meteorological Research Institute \[Coupled General Circulation Model version 2 (MRI-CGCM2); [@b50]\] forecasts a temperature increase of 4°C or more within the next 80 years in the area examined in this work ([@b26]). Four potential warming scenarios were considered, including the most extreme scenario discussed above; thus, ΔTemp values of +0.5, 1.0, 2.0 and 4.0°C relative to current levels were considered. The impact of the different warming scenarios on *A. sachalinensis* was considered in the context of local adaptation.

Results
=======

Variation in measured traits
----------------------------

The average heights and survival rates of the various 36-year-old transplants were measured and multiplied to calculate their productivity ([Fig. 1](#fig01){ref-type="fig"}). Overall, the trees at the lower three sites, especially at site-420 and site-530, seemed to exhibit good growth and to retain high survivability. In contrast, at site-1100, most plants were \<300 cm tall even after 36 years, and the survival rates for all transplants were below 40%. It was noteworthy that the populations from higher altitudes tended to be stunted at the lowest sites (site-230 and site-420), while the populations from lower altitudes exhibited particularly low survival rates at the highest sites (site-1100 and site-930; [Fig. 1](#fig01){ref-type="fig"}).

![Average tree height data, showing the SD (upper), survival rate (middle), and productivity (average height × survival rate) (lower) of 36-year-old transplants for all seed source populations at each of the planting sites. Values for transplants are arranged according to seed source altitude. Each site code (e.g. site-230) refers to a different planting site and its altitude; these are also arranged by altitude. The 'local deme' (i.e. the deme native to the site in question) is indicated by black bars. The open bars in the charts for site-930 and site-1100 indicate the height of the sole survivor out of fifty initial transplants, not an average tree height.](eva0005-0229-f1){#fig01}

Various patterns were apparent in the 36-year productivities for the different seed source populations and planting sites ([Fig. 1](#fig01){ref-type="fig"}). When examining the effects of the seed source altitude, a single peak was identified for the three highest sites, with the highest productivities being observed for local plants (i.e. the home-site populations) or neighbor populations ([Fig. 1](#fig01){ref-type="fig"}). For the lower three sites, transplants whose site of origin was a long way from the planting site tended to exhibit low productivities: transplants originated from 1100 and 1200 m a.s.l. performed poorly in all three sites, and those from 230 m a.s.l. performed poorly at site-530 ([Fig. 1](#fig01){ref-type="fig"}).

The [anova]{.smallcaps}s for tree height and survival at 36 years indicated the existence of highly significant differences in seed source populations, planting sites, and their interactions ([Table 2](#tbl2){ref-type="table"}). That is to say both of these traits were affected by the identity of the seed source population and the planting site. For tree height, significant results were observed in all seven age classes examined, from 5 to 36 years ([Table 2](#tbl2){ref-type="table"}). However, the relative influence of the seed source population and planting site differed according to tree age: for young trees, the seed source population had a greater effect on height than did the planting site, but the opposite pattern was seen as the trees grew older. The effect of the seed source population on survival was only marginally significant (*P* = 0.088) at 10 years of age; subsequently, from the age of 13 onwards, both the population and the site consistently exhibited significant effects ([Table 2](#tbl2){ref-type="table"}). The seed source population had a greater relative impact on tree height than it did on the trees' survival rates.

###### 

Results of analyses of variance of the height and survival of *Abies sachalinensis* in reciprocal transplants at several ages from 5 to 36 years

                           Height   Survival                                                                
  ---- ------------------- -------- ----------- ------------- ---------- -------- ----------- ------------- ----------
  5    Population          **7**    **110.9**   **\<0.001**   **30.1**                                      
       Planting site       **5**    **37.9**    **\<0.001**   **6.7**                                       
       Population × site   **35**   **2.8**     **\<0.001**   **2.3**                                       
  6    Population          **7**    **105.6**   **\<0.001**   **29.2**                                      
       Planting site       **5**    **34.6**    **\<0.001**   **7.2**                                       
       Population × site   **35**   **3.1**     **\<0.001**   **2.8**                                       
  10   Population          **7**    **118.0**   **\<0.001**   **20.7**   7        1.8         0.088         2.9
       Planting site       **5**    **228.4**   **\<0.001**   **31.1**   **5**    **27.4**    **\<0.001**   **22.5**
       Population × site   **35**   **7.6**     **\<0.001**   **7.2**    **35**   **2.2**     **\<0.001**   **7.1**
  13   Population          **7**    **83.8**    **\<0.001**   **9.3**    **7**    **3.7**     **\<0.001**   **1.9**
       Planting site       **5**    **476.7**   **\<0.001**   **49.7**   **5**    **42.9**    **\<0.001**   **29.4**
       Population × site   **35**   **12.8**    **\<0.001**   **10.0**   **35**   **3.1**     **\<0.001**   **12.0**
  18   Population          **7**    **88.9**    **\<0.001**   **6.7**    **7**    **7.7**     **\<0.001**   **2.5**
       Planting site       **5**    **809.4**   **\<0.001**   **64.3**   **5**    **116.8**   **\<0.001**   **50.6**
       Population × site   **35**   **12.7**    **\<0.001**   **7.8**    **35**   **4.2**     **\<0.001**   **11.3**
  31   Population          **7**    **23.2**    **\<0.001**   **4.8**    **7**    **7.3**     **\<0.001**   **5.0**
       Planting site       **5**    **401.8**   **\<0.001**   **68.0**   **5**    **113.2**   **\<0.001**   **49.9**
       Population × site   **35**   **3.5**     **\<0.001**   **3.5**    **35**   **3.5**     **\<0.001**   **9.1**
  36   Population          **7**    **20.8**    **\<0.001**   **7.1**    **7**    **4.7**     **\<0.001**   **3.0**
       Planting site       **5**    **168.0**   **\<0.001**   **56.1**   **5**    **120.0**   **\<0.001**   **52.6**
       Population × site   **34**   **2.1**     **\<0.001**   **2.2**    **35**   **3.4**     **\<0.001**   **8.6**

The fixed effects in all models were the seed source population, planting site, and their interaction. For each of the tests, variance components of the fixed and random effects are represented as well as *F* values and statistical probabilities (those of the random effects are not shown). Entries in bold type indicate significant effects.

Parameter estimation
--------------------

The GLMMs for height and survival were found to be adequately well fit at all five ages considered, as judged by likelihood-ratio tests (*P* \< 0.001 for all 10 models). To examine the patterns associated with changes along the altitudinal gradient, we focused on the two models for the traits of plants at 36 years of age ([Fig. 2](#fig02){ref-type="fig"}). This was carried out because in both the height and the survival models, the estimated values for the coefficients associated with the fixed effects increased with age (data not shown). The heights and survival rates for the seed source population and planting site at the lowest altitude (230 m) were used as reference values when examining altitude-related genetic and environmental effects ([Fig. 2](#fig02){ref-type="fig"}). For the 36-year height model ([Fig. 2A](#fig02){ref-type="fig"}), the environmental gradient was analyzed in terms of the trend in the coefficients of the planting site (*s*~*j*~) with increasing altitude; the negative effects on tree height became increasingly severe as site altitude increased. A particularly large decline was observed when the site altitude exceeded 730 m a.s.l. The genetic cline was analyzed by examining the decrease in the source population coefficients (*p*~*j*~) in response to changes in altitude; these were especially pronounced if populations from intermediate altitudes, particularly that from 930 m a.s.l., were not considered ([Fig. 2A](#fig02){ref-type="fig"}). The environmental gradient observed for the 36-year survival model ([Fig. 2B](#fig02){ref-type="fig"}) was similar to that for the tree height; in both cases, a substantial decrease was observed at around 730 m a.s.l. The genetic cline was distinct in that there was an inverse relationship between the altitude of the seed source population and the survival trait, with only the 930 m stand defying this trend ([Fig. 2B](#fig02){ref-type="fig"}).

![Coefficients for the population and planting site variables obtained from two types of GLMM (generalized linear mixed model). GLMMs were constructed to assess the influence of the seed source population (closed circles), the planting site (open circles), and their interaction on the 36-year tree height (A) and 36-year survival (B). The results for the seed source population at 230 m a.s.l. and site-230 were used as reference values (half-closed circles) to facilitate the graphical visualization of the genetic and environmental effects across the altitudinal gradient.](eva0005-0229-f2){#fig02}

Home-site advantage
-------------------

In general, the productivity of the foreign plants did not exceed that of the local plants, that is, the relative-*P*~*ij*~ values for foreign plants were typically \<1.0. Specifically, 33 foreign population samples out of 42 exhibited a relative 36-year productivity of \<1.0 ([Fig. 3E](#fig03){ref-type="fig"}). By plotting the relative-*P*~*ij*~ against the upslope/downslope DIST~*ij*~ at 10, 13, 18, 31, and 36 years, it was possible to observe the effects of altitudinal distance that were apparent throughout ages considered ([Fig. 3A--E](#fig03){ref-type="fig"}). The GLM regressions in all ages yielded significant results for both upslope and downslope transplantations. The results consistently indicated that the relative-*P*~*ij*~ of foreign plants decreased as the altitudinal distance between their site of origin and the site of planting increased, irrespective of the direction, indicating the existence of a significant home-site advantage. However, the behavior of these effects as the trees aged differed depending on the direction of transplantation ([Fig. 3F](#fig03){ref-type="fig"}). For trees transplanted downwards, there was little age-related variation in the coefficients of DIST~*ij*~. In contrast, the coefficients of DIST~*ij*~ for upwardly transplanted trees increased gradually with age ([Fig. 3F](#fig03){ref-type="fig"}). Thus, at 10 years of age, trees transplanted 500 m upwards outperformed those transplanted 500 m downwards, with relative productivity values of 0.93 and 0.67, respectively. By 36 years of age, the corresponding relative productivity values for trees transplanted up- and downslope were 0.31 and 0.70, respectively.

![The magnitude of the home-site advantage across the altitudinal range for trees of different ages (A--E) and its behavior over time (F). Relative productivities were calculated on the basis of the performance of the transplanted population relative to that of the local population at a given planting site. The plots are arranged in order of the altitudinal distance, DIST, that is, the difference between the altitude of the seed source and the altitude of the planting site, to determine whether the local plants (DIST = 0) outperformed the transplants. The letters A to E refer to the different testing ages, that is, 10, 13, 18, 31, and 36 years, respectively. A negative DIST value (closed circle) indicates upward transplantation, while a positive DIST value (open circle) indicates downward transplantation. Lines indicate the results of regression analyses ([eqn 2](#m2){ref-type="disp-formula"} in Materials and methods) with the associated significance level, \*\*\**P* \< 0.001, \*\**P* \< 0.01. The variation in the magnitude of the home-site advantage over time (F) is shown in terms of the absolute coefficient of DIST, that is, the *β* term from [eqn 2](#m2){ref-type="disp-formula"}, for trees transplanted upslope (closed bar) and downslope (open bar); the error bars indicate the standard error. Higher values of *β* reflect more severe transfer effects.](eva0005-0229-f3){#fig03}

Predicted effects of global warming
-----------------------------------

### Predictions using the home-away model

The home-away model constructed using the data for overall-*P*~*ij*~ in 36-year-old trees planted downward exhibited a good statistical fit (likelihood-ratio test, *P* \< 0.001; [Fig. 4](#fig04){ref-type="fig"}). Of the parameters in this model ([eqn 3](#m3){ref-type="disp-formula"}), DIST~*ij*~ and Alt~*j*~ had significantly positive values: 3.29 × 10^−3^, *P* \< 0.001; 9.39 × 10^−3^, *P* = 0.001, respectively. The value of was significantly negative: −7.40 × 10^−6^, *P* = 0.021. The DIST~*ij*~ effect suggests that productivity could be increased by further downslope transplantation. However, this effect is counterbalanced by the quadratic term of Alt~*j*~; as a result, the altitude that yielded the optimal overall-*P*~*ij*~ was 412 m. That is to say, the home-away model suggests that productivity decreases when trees are transplanted downslope to positions below this altitude ([Fig. 4](#fig04){ref-type="fig"}). Different seed source populations exhibited different trends in overall-*P*~*ij*~ as a function of the downslope DIST, depending on the seed source altitude. For populations sourced from lower altitudes, the productivity values (overall-*P*~*ij*~) increased for small values of DIST~*ij*~ but then decreased for larger values. Conversely, the productivities of populations sourced from higher altitudes continued to increase even for transplantations of several hundred meters (in the case of the highest, 1200 m a.s.l. population, the overall-*P* only began to decrease when the distance of downslope transitions excessed 788 m, [Fig. 4](#fig04){ref-type="fig"}). Notably, the difference in the magnitude of the populations' overall-*P*~*ij*~ values was dependent on the difference in their offset values.

![Changes in 36-year productivity for each seed source population when transplanted downwards. Overall 36-year productivities were estimated from downward transplants and are arranged according to altitudinal distance. Data for each seed source population are shown using different symbols (the corresponding altitudes are shown in the legend). The six lines represent the regression lines according to the different originating altitudes, based on a home-away model ([eqn 3](#m3){ref-type="disp-formula"} in Materials and methods).](eva0005-0229-f4){#fig04}

By transforming the DIST scale to ΔTemp, the outputs of the home-away model, including the current and maximum productivities, were used to identify relationships between temperature and productivity, and to assess the impact of warming on the productivity of different populations ([Table 3](#tbl3){ref-type="table"}). According to our meteorological data, a downslope shift of 100 m was associated with a temperature increase of 0.509°C (*R*^2^ = 0.991, [Table 1](#tbl1){ref-type="table"}); the temperature thus increased by 1.0°C for every 196 m move downslope. This linear relationship was used to convert DIST values to ΔTemp. The productivity data for populations subjected to downslope shifts indicate that in the event of warming, populations that currently live at higher altitudes will experience an increase in overall-*P* under all scenarios investigated ([Table 3](#tbl3){ref-type="table"}). For the most extreme scenario (ΔTemp of +4.0°C), the 1200 m a.s.l. population is predicted to offer the highest productivity of all the tested populations; its productivity would be expected to increase by 100 times relative to the current value. In contrast, the overall-*P* for the 420 m a.s.l. population is predicted to decrease in all scenarios; in the most extreme scenario, it declines to 1% of its current value ([Table 3](#tbl3){ref-type="table"}). The impact of global warming is thus dependent on the population\'s altitude of origin: populations from lower altitudes may be impacted more severely than those from higher places.

###### 

The outputs of the home-away model and the predicted overall productivities as a result of temperature increases

                        \(ii\) Best condition   \(iii\) Temperature warming scenario                                                        
  ------ -------------- ----------------------- -------------------------------------- ------- -------------- -------------- -------------- --------------
  420    1049.4 (100)   1049.9 (100)            −8                                     +0.04   988.0 (94)     806.5 (77)     350.1 (33)     11.9 (1)
  530    1308.6 (100)   1449.7 (111)            −118                                   +0.06   1445.6 (110)   1384.6 (106)   827.7 (63)     53.3 (4)
  730    362.3 (100)    764.3 (211)             −318                                   +1.62   535.2 (148)    685.6 (189)    733.0 (202)    151.1 (42)
  930    99.7 (100)     723.9 (726)             −518                                   +2.64   196.9 (198)    337.3 (338)    645.1 (647)    425.4 (472)
  1100   17.3 (100)     572.3 (3309)            −688                                   +3.50   43.8 (253)     96.0 (555)     300.8 (1739)   533.1 (3082)
  1200   7.5 (100)      736.1 (9859)            −788                                   +4.01   21.8 (293)     55.4 (742)     232.2 (3111)   736.1 (9859)

The productivities of each contemporary population, (i) in the contemporary climate (altitudinal distance = 0 in [Fig. 4](#fig04){ref-type="fig"}), (ii) under conditions where the maximum value would be realized, and (iii) under the global warming scenarios, were projected from the home-away model illustrated in [Fig. 4](#fig04){ref-type="fig"}. Values in parentheses beside the productivities indicate the predicted activity as a percentage of that achieved under current climatic conditions.

### Deviation from optimal productivity

As the 36-year productivity data indicated the existence of significant home-site advantages ([Fig. 3E](#fig03){ref-type="fig"}), comparisons of the performance of local plants and foreign plants transferred downslope could be used to predict the gap between the optimum and predicted performance under new climatic conditions. After revising the DIST in [Fig. 3E](#fig03){ref-type="fig"} (but only for downslope) to ΔTemp, the future decline of the predicted productivity relative to the optimum productivity was demonstrated along the warming scenario ([Fig. 5](#fig05){ref-type="fig"}). The optimum value was not realized in any warming scenario. In fact, the difference between the optimal and predicted productivities was found to increase in tandem with the temperature increase ([Fig. 5](#fig05){ref-type="fig"}). Thus, for temperature increases of +0.5, 1.0, 2.0, and 4.0°C, respectively, the predicted productivities would be less than the optimal values by 8.3, 15.9, 29.3, and 50.1% on average, respectively.

![Differences between the 36-year relative productivity of transplants and that of 'optimal' local species, used to simulate the effects of warming. This regression curve was estimated from the productivities of downslope transplants relative to that of local plants and was redrawn from the model output shown in [Fig. 3E](#fig03){ref-type="fig"}, with the *x*-axis converted from altitudinal distance to temperature change.](eva0005-0229-f5){#fig05}

Discussion
==========

Altitudinal gradient pattern
----------------------------

The 36-year reciprocal transplant experiment demonstrated that both tree height and survival were significantly affected by the altitude of the seed source population, the altitude of origin of the planting site, and the interaction between these variables ([Table 2](#tbl2){ref-type="table"}). It is assumed that the influence of the altitude of origin is because of genetic factors, while that of the site altitude is because of environmental factors. Our results thus demonstrate that the two traits studied were both subject to genetic control and also sensitive to the living environment. Although both genetic and environmental effects were significant during the testing period, the two traits differed in terms of their behavior over time. The height of young trees was primarily sensitive to genetic factors, with environmental effects becoming more significant as the trees aged; similar findings have previously been reported ([@b10]). It is possible that the decrease in the relative importance of genetic factors compared to the environment associated with the onset of the growth stage may be due to abiotic factors such as site quality or to competition within the stand ([@b10]). This behavior has also been explained as a consequence of increased interaction between genetic and environmental effects ([@b49]). However, the environmental influence on height observed in this work was greater than that reported in previous studies ([@b10]; [@b49]); it is possible that this is simply due to the wider range of climatic conditions examined across the six planting sites in this work ([Table 1](#tbl1){ref-type="table"}). The used planting sites spanned most of the natural altitudinal range of the studied species, *A. sachalinensis*. It is therefore reasonable to assume that all of the environmental factors that are active in natural stands would have been operative during the experiments. In contrast, most common-garden trials are conducted under relatively mild climatic conditions compared to those encountered in the target species' natural habitats (c.f. [@b10]). While the trend in the relative influence of genetic and environmental factors on survival over time was less unambiguous than that for height, it was nevertheless apparent that the importance of environmental factors increased with age in this case as well ([Table 2](#tbl2){ref-type="table"}). As tree death would be caused by cumulative sum of various environmental effects, it is perhaps to be expected that genetic factors would play a lesser role than the environment.

The effects of the genotype × environment interaction on both height and survival were found to be most significant at the sapling stage, accounting for 10.0% of the variation in tree height and 12.0% of that in survival at 13 years. Conceptually, interaction effects are indicated when certain environmental effects are observed only when paired with specific genotypes ([@b49]; [@b16]). In this work, interactions were found to have relatively light impact on either of the studied traits ([Table 2](#tbl2){ref-type="table"}). This could be a consequence of examining a series of connected sites whose environments transitioned smoothly from one to another along a gradient rather than a discrete set of sites with substantially different environments. The absence of strikingly different site conditions could thus account for the modest impact of genotype--environment interactions in the model ([Table 2](#tbl2){ref-type="table"}).

Analysis of the coefficients for the seed source populations and planting sites estimated using [eqn (1)](#m1){ref-type="disp-formula"} suggests that the genetic influence on both tree height and survival exhibited clinal patterns along the altitudinal gradient, although that for survival was more distinct than that for height ([Fig. 2](#fig02){ref-type="fig"}). These clinal patterns basically paralleled the estimated environmental gradient: for both factors, increasing the altitude caused a decrease in both height and survival ([Fig. 2](#fig02){ref-type="fig"}). This kind of parallelism in the effects of genetic and environmental factors is referred to as a 'co-gradient' pattern and is suggestive of the action of selective forces that drive the adaptive response of plants to their native climate ([@b2]). The observed intraspecific variation of *A. sachalinensis* across local altitudes might thus reflect adaptive responses that evolved by locally driven selection ([@b2]; [@b44]).

The intraspecific variation in tree height with planting site altitude was very similar to that observed in a previous study using data from the same reciprocal transplant experiment ([@b24]). In both our study and its predecessor, populations with lower altitudes of origin exhibited a higher genetic property for rapid growth. Similar trends in intraspecific behavior have been noted in several studies on different conifer species ([@b14]; [@b35], [@b36]; [@b32]; [@b13]). In contrast, the intraspecific variation in survival as a function of local altitude has rarely been discussed owing to a lack of empirical data. [@b47] observed that populations of *Abies alba* growing at lower altitudes exhibited increased survival. In wide-range provenance trials, [@b44] detected a negative relationship between latitude and survival rate in *Pinus sylvestris*, while [@b3] demonstrated a positive relationship between local latitude and survival in *Pinus armandii*. As these findings indicate, it can be difficult to draw general conclusions from observed trends in survival; this is probable due to the heterogeneity of the tested environments, limitations in the ability to control environmental variables, and/or species-specific response to given environment. As such, more data will be required for a rigorous discussion of factors affecting survival.

In addition to the genetic cline related to height and survival, it is worth noting the presence of flexion points for environmental effects at around 700 m a.s.l. in the outputs of the height and survival models ([Fig. 2](#fig02){ref-type="fig"}). At around this altitude on this mountain, dramatic changes are observed in the forest vegetation, soil type, and snow depth; above 700 m, soil nutrients become less abundant, the depth of snowfalls becomes greater, and *S. kurilensis* becomes more abundant than *S. senanensis* ([@b19]; [@b31]; and [Table 1](#tbl1){ref-type="table"}). A similar flexion point was indicated in the timing of first frosts based on the meteorological data for 2009--2010; the autumn frost occurred almost simultaneously at sites above 730 m a.s.l. but was delayed in an altitude-dependent fashion at sites below 530 m a.s.l. ([Table 1](#tbl1){ref-type="table"}). These abiotic flexion points were probably due to geographic factors. GIS projections (created using Arc GIS 9.3; ESRI, Inc., Redlands, CA, USA data not shown) for the studied region indicate that the eastern, southern, and western faces of the mountain are exposed, that is, not shielded from the wind by other mountain ridges. It is thus likely that geographic factors indirectly affected the living conditions for plants at the high-altitude sites, that is, their responses were subject to abiotic modification. The relative abundance of the two *Sasa* species is known to be dependent on the soil type ([@b31]) and snow depth ([@b45]). The observed flexion points for *A. sachalinensis* are presumably due to abiotic factors, the seasonality and severity of which are determined by geographic features.

Detection of local adaptation on the basis of observed home-site advantages
---------------------------------------------------------------------------

Throughout the testing periods, significant negative relationships between upslope and/or downslope DIST and the relative productivity (relative-*P*) were detected ([Fig. 3](#fig03){ref-type="fig"}). This supports the home-site advantage hypothesis that the fitness-linked traits for the foreign population declined relative to the local population as the environmental distance between the site of origin and that of transplanted increases ([@b11]; [@b30]). At each site, the best performance was achieved by the local, indigenous population. This result provides direct evidence for local adaptation ([@b20]). The evidence for local adaptation in *A. sachalinensis* is robust because it became apparent at an early age and remained so for more than 25 years, for both the upslope and downslope directions. To our knowledge, this is the first demonstration of consistent local adaptation in conifers from youth to maturity across an entire region.

The disadvantage of upslope transplants relative to local plants increased with age, indicating that the negative effects on productivity gradually increased as trees grew older ([Fig. 3F](#fig03){ref-type="fig"}). Conversely, the productivity of the downslope transplants decreased constantly in line with the altitudinal distance between the local site and the transplant\'s site of origin, independently of the trees' ages. The observation of increasing negative effects with age is consistent with the report of [@b30]. We observed that in the long term, upslope transplantation had a more severe negative impact on survival and productivity than downslope transplantation. Situations in which local adaptation is only observed to have significant consequences in a certain range of altitudes are discussed in terms of 'asymmetrical local adaptation', which has been observed in crop species ([@b29]). In the strict sense, our observations are not consistent with the definition of asymmetrical local adaptation because local adaptation was observed for all altitudes examined in this work. However, in a broader sense, the concept seems relevant to our findings because asymmetry was observed in either the magnitude of adaptation or the nature of the adaptation itself. Similar asymmetries in which the effects of local adaptation are more pronounced at higher altitudes have previously been reported for other conifers ([@b5]; [@b35]). The observed asymmetry could potentially be attributed to two different factors. First, selective pressures act cumulatively, as explained by [@b30]. Consequently, for plants brought from a lower altitude to a higher one, maladaptation might become gradually apparent with age ([@b37]; [@b48]). Second, the home-site advantage might be masked by genetically fixed tendencies for more rapid growth with lower mortality in younger stages (shown in [Fig. 2](#fig02){ref-type="fig"}). As a result, the maladaptation of low-altitude populations to high-altitude sites might be underestimated for younger trees. The results of this long-term study thus provide evidence for a different type of asymmetric local adaptation to that reported by [@b29], as indicated by the strong impact of the maladaptation of foreign transplants into high-altitude environments. Asymmetric local adaptation of this kind would be consistent with classical findings from studies on wide-range (e.g. latitudinally wide distributed) conifers ([@b9]; [@b44]).

Our finding that *A. sachalinensis* has undergone genetic adaptation to the conditions encountered at a specific altitude within a narrow area (\<25 km range horizontally) is also notable because of the geographic scale over which it was observed. Selective forces and evolutionary potential have previously been suggested to drive intraspecific adaptation on similarly fine scales: in the herbaceous alpine plants, *Poa hiemata*, the observation that local adaptation had significant effects even within a very small altitudinal range (\<150 m) was taken to be indicative of very high evolutionary potential ([@b2]). The long life cycles and substantial gene flow of woody plants tend to restrict such genetic divergence. However, intraspecific adaptation (especially to high altitudes) has been observed in several species in situations involving steep environmental gradients in restricted mountain areas ([@b5]; [@b35]; [@b21]; [@b44]). These genetic divergences have been attributed to strong selective forces or barriers to gene flow imposed by phenological discordance ([@b16]; [@b33]; [@b44]; [@b4]). Our results regarding local adaptation on a single mountainous slope seem to indicate that the evolutionary potential of the studied species was relatively high and that the species has been subjected to strong selective forces. However, the observed strong local adaptation within a restricted area also suggests that rapid changes in environmental conditions could potentially have significant deleterious effects, as discussed in the following section (shown in [Figs 3](#fig03){ref-type="fig"} and [5](#fig05){ref-type="fig"}).

In previous publications describing common-garden studies on *A. sachalinensis*, potential selective forces affecting growth and phenological or ecophysiological traits have been suggested ([@b24]; [@b8]; [@b25]; [@b41]; [@b12]). Thus, high-altitude populations have been found to undergo growth cessation and subsequent cold acclimation at an earlier timing in autumn than those from lower altitudes ([@b24]; W. Ishizuka and S. Goto unpublished data) and exhibited greater cold-hardiness in winter ([@b8]). Moreover, high-altitude populations had an earlier reproductive onset and physiological traits that confer stress tolerance, that is, low susceptibility to disease and thick defensive leaf ([@b25]; [@b41]; [@b12]). These genetic traits would favor their survival under the harsh conditions encountered at high altitudes, in which trees are exposed to long winters, deep snows, and high risks of fungal infection ([@b8]). On the other hand, these traits also have negative effects on the trees' growth potential (and thus on their growth rate compared to low-altitude populations) ([@b35]; [@b42]; [@b13]). Such traits would be less advantageous than those that favor strong growth in the milder climates encountered at lower altitudes. The trade-off between growth and hardiness is thus expected to have a significant impact on local adaptation, as demonstrated in this study.

Evaluation of warming effects
-----------------------------

Previous studies on climate change in Japan (MRI-CGCM2; [@b50]) have suggested that the air temperature in our study area will increase by 4°C during the current century ([@b26]). As long-lived tree species are unlikely to track such a rapid change by means of range shifts ([@b7]), climate change will give rise to pronounced discrepancies between the optimal climate for populations that have undergone extensive local adaptation and the climate they actually experience ([@b39]; [@b43]). Although resident plants will respond to new climatic conditions through phenotypic plasticity, our 36 years of long-term monitoring data suggest that this will not be sufficient to enable them to achieve optimal performance ([Table 3](#tbl3){ref-type="table"}, [Fig. 5](#fig05){ref-type="fig"}). On the basis of the first approach, in which the performance of a single deme was compared in different sites (using the home-away model described by [eqn 3](#m3){ref-type="disp-formula"}), temperature increases were predicted to initially increase the population\'s overall productivity but to cause a decline if they increased beyond those encountered in the species' distribution zone ([Table 3](#tbl3){ref-type="table"}). This result can be attributed to the species having a niche limitation at low altitudes (200 m a.s.l.) and requiring a moderate climate for optimum productivity, such as that found at 400--600 m a.s.l. (which is the its current dominant zone). Under the most extreme warming scenario considered, our model predicts that the overall productivity will increase at least 30 times for populations at altitudes above 1100 m a.s.l. In contrast, overall the productivity of populations inhabiting lower altitudes (\<530 m a.s.l.) will decrease to \<5% of the current productivity ([Table 3](#tbl3){ref-type="table"}). We conclude that most of the population (except that inhabiting sites below 230 m a.s.l.) will exhibit an increase in overall productivity, but the extent of the increase will depend on the level of global warming. This finding is similar to that presented in a longitudinal analysis of *P. sylvestris*, which showed that climate change would increase the fitness of several populations ([@b39]).

The second approach, in which the response of the transplanted population was compared to that of the local deme, generated more pessimistic predictions ([Fig. 5](#fig05){ref-type="fig"}). A home-site advantage was observed under all conditions examined, indicating that the local demes consistently exhibited superior performance to the transplants. Consequently, we were able to use this approach to quantify the differences between the performance of current population in a changed climate and that of a population that has adapted optimally to the new climate. For the warmest scenario (+4°C), the model predicted that the relative performance of the current generation of this species would be up to 50% below the optimum level ([Fig. 5](#fig05){ref-type="fig"}), because there would be a significant lag between onset of climate change and the genetic adaptation of the local population to the new climatic conditions ([@b43]; [@b1]). Thus, current populations will not adapt to the changes induced by global warming over the short timescales, and there will be a substantial delay in the onset of adaptation to yield optimal performance under the new climates, even though some of the existing populations (notably those living at high altitudes) will exhibit better productivity than they do at present. It should be noted that this discussion of the potential adverse effects of global warming on the current and future performance of *A. sachalinensis* takes no account of other warming-influenced factors, such as changes in the amount of precipitation or the biotic relationships within the stand that might affect populations' productivity.

From a practical standpoint, our results are alarming because they suggest that populations that have undergone local adaptation to their current circumstances will exhibit reduced ecological resilience as warming proceeds because of the genetic constraint on their adaptation potential ([@b43]; [@b1]). This could be especially problematic for local communities that feature other woody species. In natural stands where *A. sachalinensis* coexists with other species, such as most of those found on the studied mountain slope ([@b19]), *A. sachalinensis* inevitably competes with those other species. If those coexisting trees exhibited greater phenotypic plasticity, as demonstrated by [@b6], the performance of *A. sachalinensis* after global warming could end up being inferior to that of its competitor, which might adapt to the new conditions more effectively. Such changes in the balance of interspecific competition could alter the stand\'s species composition or even the whole forest ecosystem ([@b40]). It has been suggested that it may be possible to counteract such effects and maintain or improve the performance of specific target species by redistributing genes that confer optimal performance ([@b39]; [@b1]).

In terms of redistributing optimal genes, we recommend *a priori* upslope transplantation for mitigating the impact of global warming. This approach is likely to be effective in maintaining the productivity of *A. sachalinensis* for two reasons. First, because considerable time is required for woody transplants to grow, it would be necessary to establish plantations in milder climatic conditions than in conditions that reflect the current climate. Second, the negative effects of *a priori* upslope transplantation may be relatively small for young trees ([Fig. 3F](#fig03){ref-type="fig"}). Because of the poor predicted performance of the middle--lower montane populations under global warming ([Table 3](#tbl3){ref-type="table"}), the value of upslope transplantation would be particularly high on the middle--lower slopes of the mountain. *A priori* transplantation would result in the effective redistribution of genotypes within this altitude. Consequently, in the case of species that have already undergone local adaptation, it will be essential to strike a balance between minimizing the adverse effects of upslope transplantation and reducing productivity losses by maladaptation to future warming.

Conclusions
===========

The study reported herein was conducted to address the lack of long-term monitoring data with which to evaluate the magnitude of local, altitude-dependent intraspecific adaptations that affect the growth and survival of woody plant species. In this paper, we report a long-term reciprocal transplant experiment in which the height and survival of *A. sachalinensis* trees were monitored over periods of 5--36 years. Robust evidence that *A. sachalinensis* demes have undergone significant intraspecific adaptation to their local altitude (and thus to the local climate) on a regional scale was obtained, because a home-site advantage was consistently detected both for upslope and downslope transplanting regimes. This strong adaptation may restrict the ability of the current population to respond effectively to rapid climatic change, and *A. sachalinensis* may suffer from competition with other tree species that have greater phenotypic plasticity. Consequently, we recommend the redistribution of optimal genotypes to mitigate the negative impact of global warming. In order to mitigate the impact of ongoing climate change, it will be important to quantify the extent of intraspecific adaptation in dominant woody species and devise optimized reforestation strategies that take this information into account.
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